Heat and mass transfer phenomena in fuel sprays is a key issue in the field of the design of the combustion chambers where the fuel is injected on a liquid form. The development and validation of new physical models related to heat transfer and evaporation in sprays requires reliable experimental data. This paper reports on an experimental study of the energy budget, i.e. internal flux, evaporation flux and convective heat flux for monodisperse combusting droplets in linear stream. The evaporation flux is characterized by the measurement of the droplet size reduction by the phase Doppler technique, and the droplet mean temperature, required for the internal and convective heat flux evaluation, is determined by two-color, laser-induced fluorescence. The Nusselt and Sherwood numbers are evaluated from the heat and mass fluxes estimation, as a function of the inter-droplet distance. The results are compared to physical models available in the literature, for moving, evaporating and isolated droplets. A correction factor of the isolated droplet model, taking into account drop-drop interaction on the Sherwood and Nusselt numbers, is proposed.
Introduction
Computation of modern combustion chambers of aero-engines and automotive direct injection engines, where the fuel is injected as a liquid spray, requires a reliable description of the heat and mass transfer parameters. When a fuel droplet enters a high temperature environment like in a combustion chamber, the droplet is heated, evaporates and finally the fuel vapor burns, delivering the energy for propulsion. Evaporation and combustion models of isolated, stagnant or moving fuel droplets are widely available in the literature ( [1] , [2] and [3] , [4] ). Particularly, the effect of the thermal radiation on the evaporation rate of single droplets was analyzed by Elperin and Krasovitov [5] .
Improving the knowledge of the heat and mass transfer phenomena between the liquid droplet and its hot surrounding gaseous phase is a key issue to understand the highly complex phenomena occurring in spray combustion. One of the main difficulties is related to the constant variation of the physical properties of the gaseous phase, due to the change in its composition and temperature. Another difficulty is that the droplet-todroplet interactions are not well taken into account. These interaction phenomena are highly important near the fuel injection devices, where the droplet density is high. Sangiovanni and Labowsky [6] have shown, using a monodisperse droplet line injected in a combustion chamber, the influence of the inter-droplet distance on the ignition time as well as on the diameter regression law. Brzustowski et al. [7] analyzed the combustion of two stagnant interacting droplets by solving LaplaceÕs equation and using qualitative experiments. Both the burning rate of each droplet and the shape of the flame were investigated: the burning rate was found to be smaller than that of an isolated droplet of the same size. More theoretical work was performed by Labowsky [8] or Marberry et al. [9] , who developed a generalized treatment for burning rates of motionless droplets in finite arrays containing up to eight symmetrically arranged monodisperse droplets using the point sources method. Particle interactions were shown to be a function of particle size, number density and geometry of the array. Correction factors from which multiple particle burning rates can be calculated from single particle burning rates were established.
Generally speaking, the increase of droplet density tends to decrease the droplet drag coefficient and the vaporization rate. The heat transfer by forced convection is also influenced and modified by the interaction phenomena. Chiang and Sirignano [10] have investigated numerically the case of two vaporizing droplets moving in tandem, by taking into account the forced convection of the gas phase, the transient deceleration due to the drag force, the surface regression, the respective motion between the two droplets, the liquid phase internal circulation, the transient heating of the liquid phase and variable physical properties. The dependencies of the transfer numbers (i.e. Nusselt and Sherwood numbers) on initial droplet Reynolds number, initial droplet spacing, initial droplet size ratio, physical properties were considered. An extension of this study to the system of three droplets in a linear stream is presented by the same authors [11] . More recently, experimental results were obtained by Castanet et al. [12] on a monodisperse ethanol droplet stream, injected in the thermal boundary layer of a vertical heated plate. The droplet size reduction was measured by a light scattering technique simultaneously with the droplet temperature determined using a two-color laser-induced fluorescence technique. The convective heat transfer coefficient as well as the Nusselt number was inferred from the overall energy budget of the droplet in its gaseous surroundings: conditions far away from the flame front in quiescent air 0 first point of measurement just after the exit of the ignition device the influence of the inter-droplet distance, characterizing the interaction regime, was clearly highlighted. However this study was not related to the case of combusting droplet. The development of correlations that are able to describe adequately heat and mass transfer phenomena in the presence of droplet-to-droplet interactions is fundamental. Experimental data must be collected in basic experiments, where the time evolutions of the different parameters (i.e. droplet size, temperature, velocity, droplet spacing) can be easily separated. In the present study, the case of combusting single-component (ethanol) droplets in linear stream is considered. The energy budget equation shows that the experimental characterization of the evolution of the droplet temperature and droplet mass as a function of time are the critical parameters. In this study, the droplet diameter evolution has been measured by an optimized phase Doppler technique and the temperature by the two-color laser-induced fluorescence technique [13, 14] . Both Sherwood and Nusselt numbers will be characterized as functions of the usual non-dimensional numbers (i.e. Reynolds, Schmidt, Prandtl, Spadling and Lewis) and the non-dimensional distance parameter characterizing the droplet to droplet interactions.
Combusting monodisperse droplet stream facilities
A linear monodisperse droplet stream is generated by Rayleigh disintegration of a liquid jet, using of a mechanical vibration of the liquid column obtained by a piezoceramic actuator. The applied voltage on the actuator determines the position of the break-up zone of the jet depending also on the fuel physical properties, which are in turn related to the injection temperature.
For certain frequencies, the liquid jet breaks up into equally spaced and monosized droplets at the frequency of the forced mechanical vibration. The liquid fuel is pressurized with compressed air between 0.2 and 1 bars and is forced through a calibrated orifice of U 0 = 50 lm in diameter. According to the Rayleigh theory, the resulting droplet diameter is about 1.9U 0 . The droplet injection velocity can range from 2 m/s to about 10 m/s. The fuel can be pre-heated in the injector body by means of an externally heated water circulation. The temperature of the fuel is measured exactly at the injection point with the use of a K-type thermocouple. An electrically heated coil allows initiation of the combustion just after the break-up zone of the liquid jet and a laminar diffusion flame appears (Fig. 1) .
The droplet have been visualized using a CCD camera equipped with a high magnification lens, under a rapid stroboscopic lighting to fix the droplets on the image. These observations underlined that the droplets are not completely spherical after the break-up zone but seem to oscillate around the spherical shape. However, the droplets recover the spherical shape about 10 mm after the injector exit. Generally, the measurement zone begins about 30-50 mm after the injector exit, because of the presence of the igniter and possibly the electrostatic deviator, which is highly sufficient to have spherical droplets, allowing the phase Doppler to operate properly.
In order to characterize the effects of dropletto-droplet interactions, the non-dimensional distance parameter is introduced. This parameter corresponds to the ratio between the inter-droplet spacing L and the droplet diameter D:
By modifying the fuel flowrate and the frequency of the piezoceramic vibration, the distance between droplets can be changed independently of the droplet diameter. The frequency range corresponding to a monodisperse jet of droplets is narrow and allows a limited range of distance parameters to be reached. A technique of electrostatic deviation of the droplet has therefore been used to adjust the droplets spacing without changing the droplet diameter. The system is comparable to the one described by Nguyen and Dunn-Rankin [15] and Lavieille et al. [14] . The undeviated droplets stream features a different droplet spacing from that of the initial jet, depending on the number of the initially charged droplets. With this device, it is possible to eliminate 2 out of 3, 3 out of 4, 4 out of 5 droplets or more.
Another advantage of this configuration is that the time elapsed from the injector exit can be easily determined by measuring the dropletsÕ local velocity.
The fuel was ethanol seeded with a small fraction of rhodamine B and sodium hydroxide (NaOH). These two additives, in very low concentration, are used for the temperature measurements by the two-color LIF [16] .
Experimental techniques
3.1. Droplet mass variation measurement using PDA The PDA (particle dynamic analyzer) is widely used in sprays, to obtain statistical properties related to the droplet size distribution. In the present study, the PDA was used to determine the diameter evolution of a droplet as a function of the distance from the ignition point (i.e. as a function of time). The measurement of the mass flowrate must be as accurate as possible, since the evaporation heat flux is the product of this parameter times the latent heat of vaporization, and is therefore a critical term in the energy budget.
The principles of PDA consist in analyzing Doppler bursts received by at least two photodetectors directed slightly differently; a third detector is usually added allowing removal of the 2p ambiguity. Measurements were operated in refraction mode since the droplets are transparent and the signal level is increased. In simplified form, the phase difference u ij between Doppler bursts received by two spatially shifted detectors (i) and (j) can be written:
where P ij is the phase factor that depends on the PDA optical arrangement. One problem to avoid as much as possible is the trajectory ambiguity, which is characterized by erroneous measurements of the droplets diameter, depending on the position of the droplet trajectory in the measurement volume. This effect is related to the Gaussian shape of the laser beams and is only possible when the particle size is of the order or larger than the laser beam width (Sankar et al. [17] , Gréhan et al. [18] , Albrecht et al. [19] ). The trajectory effect is characterized by the contributions from both the desired scattering order and an unwanted scattering order (the reflection mode in the present case) that will be received with a time displacement. The distortion of the Doppler signal due the unwanted scattering order is the cause of an erroneous interpretation of the phase difference between Doppler bursts received by the detectors. The risk of error is particularly high in the case of linear monodisperse droplets stream since the trajectory of the droplets is very stable and the droplets are relatively large in the present case, compared to the width of the laser beam.
The selected optical arrangement is as a trade-off between two criteria, the first one being the minimization of the trajectory effect, the second one to preserve a good sensitivity to the size variation measurement, i.e. a sufficiently high phase factor. The droplet sizes considered in the present study are around 100 lm. Among the different available optical configurations, the selected optical parameters make it possible to obtain a laser beam diameter d = 243 lm in the measurement volume. Even with this beamwidth, the trajectory effect is likely to exist since it is commonly admit that the ratio of the measurement volume diameter to the droplet diameter must be higher than 5 to obtain a limited error.
With a scattering angle h = 25°and for the laser wavelength k = 514.5 nm (the green line of the argon ion laser), a sufficiently high phase factor of the order of 6°/lm, can be obtained. With such a scattering angle, the phase factor depends on the liquid refractive index. According to the variation of the ethanol refractive index in the range 10-70°C, the predicted phase factor varies from about 6.36°/lm to 6.156°/lm. Since the droplet temperature will be measured by the two-color LIF technique, the phase factor will be re-adjusted at each measurement step in order to improve the measurement accuracy.
An accurate value of the phase factor was determined by implementing an initial calibration process with the use of the monodisperse injector. For such an injector, near the injection point, the droplet diameter D i is directly related to the fuel flowrate Q, when monodisperse droplets are obtained at the frequency f:
The calibration process was implemented under isothermal conditions in order to limit the evaporation. The phase difference u 12 , taking into account the 2p jumps, is plotted in Fig. 2 as a function of the droplet diameter given by Eq. (3). As expected, the phase difference u 12 is a linear function of the diameter and the phase factor is 6.54°/lm at 18°C, which differs from the predicted one.
The effect of the trajectory ambiguity has been also investigated on a particularly stable monodisperse droplet stream, in order to avoid as much as possible random motions of the droplets in the measurement volume. The monodisperse jet was moved in the measurement volume in the (x, z) plane, as illustrated in Fig. 3 . The droplet diameter, determined using an accurate measurement of the fuel flowrate is 118.9 lm ± 0.5 lm. The results of the PDA measurements are presented in the diagram of Fig. 3 . The measured diameters scatter in the range [107.9 lm; 122.8 lm], the highest deviations from the real diameter being observed for x < 0 and z < 0. For x P 0 and z P 0, the mean diameter is distributed around 118.6 lm with a 1.75 lm RMS, which is in good agreement with the actual diameter. Indeed for x P 0 and z P 0, i.e. when the droplet stream is located on the side of the PDA receiving optics (Fig. 3) , the influence of the reflected mode is minimized and then a correct diameter can be obtained. The method has been tested on an ethanol monodisperse droplet stream, injected at ambient temperature. The droplet diameter determined by a measurement of the fuel flowrate is D = 110 lm ± 0.5 lm. No significant evaporation is expected for such a jet, since the droplets at ambient temperature are quickly saturated in vapor. As seen in Fig.  4 , a rather moderate scatter can be observed, regardless of the streamwise position of the measurement point. The mean droplet diameter is distributed around 110.4 lm with a 0.3 lm RMS, which is in excellent agreement with the real diameter.
According to the overall sources of errors, the global uncertainty on the diameter measurement can be estimated at ±1 lm, for droplets diameters around 100 lm.
The droplet velocity can be measured simultaneously by processing the Doppler frequency of the bursts; the uncertainty on the velocity measurement is estimated at 1%.
Temperature measurements using two-colors laser-induced fluorescence
The two-colors laser-induced fluorescence technique uses the fluorescent properties of an organic dye added to the liquid fuel, induced by a suitable laser excitation. The method, developed first by Lavieille et al. [13] , has been successfully applied to mean temperature measurements of single droplets in a linear stream, in evaporation and combustion regimes ( [12] [13] [14] ). Generally speaking, the fluorescence signal of a droplet depends on the added tracer concentration, on the volume corresponding to the intersection between the incident laser beam, the droplet and the solid angle of detection. The measurement volume is then modified when the droplets are crossing the intersection of the beams. The temperature dependence is encountered for only a few tracers like rhodamine B. In order to remove the dependencies of all the parameters except the temperature, the fluorescence intensity is detected on two spectral bands for which the temperature sensitivity is highly different (Fig. 5 ). This ratio of the fluorescence signal measured on the two spectral bands of detection depends only on temperature. More technical details about the two-color laser-induced fluorescence can be found in [12] [13] [14] . The same laser source (argon ion laser tuned to the line k = 514.5 nm) and same measurement volume are used for both phase Doppler and two-colors laserinduced fluorescence measurements. The measurement volume corresponds to the intersection area of the two laser beams, generated by the PDA system. Two kinds of collection optics focus onto the intersection area of the two intersecting laser beams (Fig. 5 ):
• the PDA receiver, placed at a scattering angle of 25°o f the laser beams bisecting line, • the detection optics of the fluorescence, which are fiber-coupled with the fluorescence processing device ( [10] , [11] ) placed at right angles to the incident laser beam (see Fig. 5 ).
Due to the large diameter of the laser beams in the probe volume, the major part of the droplet can be illuminated by the laser beams. The averaging of the fluorescence signal over the complete droplet transit time in the measurement volume makes it possible to obtain the droplet mean temperature T m . By evaluating the different sources of potential errors, i.e. initial calibration of the fluorescence signal as a function of the temperature, non-linearity of the detection apparatus, the uncertainty on the temperature measurement can be estimated to be ±1°C.
Energy budget in a combusting, monodisperse stream
The droplet enthalpy evolution is directed by the variation of the heat fluxes resulting from forced convection with the surrounding gaseous environment, vaporization and radiation. The radiation effects are often neglected in the budget ( [20] , [21] ), since the droplets are supposed to behave as a transparent medium. The case of a moving evaporating droplet with a regressing surface will be considered. Assuming that the local heat flux exchanged at the droplet surface is homogeneous, the overall budget equation can be summarized by:
where U C is the convective heat flux exchanged with the gaseous environment, U R is the radiative heat flux, Q L is the heat flux entering into the liquid phase and U vap is the heat flux due to vaporization defined by:
In this expression, the fuel vapor flowrate _ m is of positive sign and L v is the latent heat of vaporization.
The determination of the radiative heat flux is a particularly complex problem. The estimation of this flux requires the knowledge of the spectral luminance of the flame as well as the properties of absorption of the droplets which depend on the chemical composition of the fuel and on the droplet size. The thermal effects of radiations may be important in the case of opaque droplets behaving as a black body, but it may be considerably limited in the case of semi-transparent droplets according to Dombrovsky et al. [22] . The particular case of ethanol droplets was studied in detail by Elperin and Krasovitov [5] . These authors underlined that the effect of radiation is significant only in the case of large droplets, since the received radiative flux increases with the surface of the droplet. For small dropletsÕ size (around 100 lm) and for an ambient temperature corresponding to the case of combusting ethanol vapor, the increase of the evaporation rate related to the radiation transfers is negligible. Therefore, the work developed in the present paper will be developed under this assumption.
The convective heat flux exchanged with the surrounding gas phase at the droplet surface is defined by:
where h is the convective heat transfer coefficient defined by:
S is the droplet surface and T amb is the ambient temperature corresponding to the gas phase temperature surrounding the droplet which characterizes the heat exchanged between the droplet and its environment, k g is the thermal conductivity of the surroundings. Nu is Nusselt number, which is defined by:
The Nusselt number can be determined using Eqs. (4)- (7),
where a g ¼ kg q g Cpg is the gas thermal diffusivity and B T is the Spalding heat transfer number defined by:
At the droplet surface, the fuel vapor flowrate conservation equation may be written by:
The Sherwood number, defined by:
can be introduced into Eq. (11):
where B M is the Spalding mass transfer number defined by:
The comparison between the two expressions of the fuel vapor flowrate (Eqs. (9) and (13)) leads to the following non-dimensional energy budget:
where Le is the Lewis number defined by Le ¼ Dg ag . The experimental characterization of the heat and mass transfer parameters, i.e. the Nusselt and Sherwood numbers, requires the determination of the time evolution of the droplet mass, the surface temperature if the thermal equilibrium is not reached, the gas phase temperature T amb and also the droplet mean temperature T m in order to evaluate the heat flux Q L entering into the droplet. The heat flux Q L transferred into the droplet contributes mainly to an increase of the mean temperature. The flux of enthalpy lost by the surface regression caused by the evaporation must be also considered. According to Lavieille et al. [14] and Castanet et al. [12] , Q L can be evaluated by:
Experimental results

Measurement process
A wide range of aerothermal conditions was tested. Two kinds of processes, depending on the desired distance parameter, were implemented.
The first one is used for distance parameters ranging typically from 2 to 4. The injection pressure, i.e. the fuel flowrate and subsequently the injection velocity is first fixed and the frequency of the piezoceramic is adjusted to obtain the monodisperse injection conditions. The initial distance parameter is given by:
The droplet diameter D i at the injection is directly related to the fuel flowrate Q and piezoceramic frequency f according to Eq. (3). The initial velocity V i depends on the fuel flowrate and the injector hole diameter. This process was repeated in order to obtain various aerothermal conditions.
In the second process, the electrostatic deviator was used. Monodisperse injection conditions were established without electrostatic deviation by a fine adjustment of the injection velocity and piezoceramic frequency. The initial droplet diameter was fixed and the distance parameter was modified by removing a number of periodically deviated droplets. Higher distance parameters, typically ranging from 6 to 18, are attainable using this second process.
Qualitatively the first experiments showed that the flame front appeared closer to the droplet stream and the flame length shortened when the distance parameter was increased (Fig. 6 ). If C > 19, the flame extinguishes for droplets moving between 2 and 10 m/s.
An investigation of each combusting droplet stream was performed step by step, from the ignition point to the top of the flame: the mean droplet temperature, the droplet velocity and the droplet diameter were measured simultaneously at each point.
The origin of time was fixed at the point of ignition. The time elapsed from the origin to the j + 1th point can be calculated by the recursive relationship:
where L j is the distance of the jth point from the origin and V j is the velocity measured at the jth point. Thus, the droplet diameter and temperature evolutions can be monitored as a function of time.
Measurement results
Only a full set of raw experimental data will be presented in this paragraph, corresponding to a monodisperse stream with electrostatic deviation and subsequently a range of increasing distance parameters. The droplet diameter at injection is D i = 91 lm and the velocity at injection is V i = 7.5 m/s.
For a given distance parameter C, the velocity of the droplets decreases linearly due to gravity and drag forces. Furthermore, the slope of decrease is influenced by the distance parameter, the velocity decrease becoming more pronounced as the distance parameter is increased (Fig. 7) . This behavior is expected and has been already observed in similar situations [23] . The evolution of the squared droplet diameter is presented in Fig. 8 : the diameter decrease follows roughly a D 2 law and the regression rate increases with the distance parameter. However, the direct raw data analysis must be thorough, since the diameter regression rate should also depend on the droplet Prandtl, Schmidt and Reynolds numbers ( [3] , [23] ).
The mean droplet temperature evolution is presented for the same conditions in Fig. 9 . Two phases are clearly observable: a first phase corresponding to the intense heating of the droplet by forced convection due to the high level of the background temperature. At the end of this phase, the droplet temperature attains an equilibrium temperature corresponding to a wet bulb temperature, lower than to the boiling temperature of the fuel (78°C in the case of ethanol). During this phase, the droplets vaporize at constant temperature.
The equilibrium temperature for the different tested injection conditions ranges from 57°C to 62°C. The differences observed are moderate but significant since the uncertainties on the temperature measurement are not more than 1°C. The evolution of the normalized temperature defined by T ÀT 0 T eq ÀT 0 seems not to be influenced by the distance parameter for droplets injected with the same diameter and velocity. It is possible to interpret this observation by assuming that the surface attains the equilibrium temperature very quickly after ignition. Under this assumption, the droplet heating is only a function of the intensity of the internal fluid motions within the droplet which contribute to enhance the heat transfer in the droplet. This intensity is strongly related to the droplet Peclet number that depends on droplet diameter and velocity [2] . These parameters are only weakly modified during the heating phase, leading to a low dependence of the Peclet number on the distance parameter.
Fluxes evaluation
A coarse estimation of the heat flux Q L can be obtained by replacing the surface temperature T S by the measured temperature at equilibrium in the expression 16. The budget Eq. (4) allows estimation of the convective heat flux U C . Fitted profiles of the diameter and mean temperature evolution in good accordance with the experimental data are used to estimate the fuel vapor flowrate _ m and the time derivative of the temperature dT m /dt required for flux evaluation. In particular, the slope K corresponding to the combustion rate of the D 2 law is calculated:
All the heat fluxes of Eq. (4) are plotted in Fig. 10 , for various examples of initial conditions, i.e. the same diameter and injection velocity but different distance parameters. As expected, the heating flux Q L tends to zero when the droplet temperature attains its equilibrium value. Moreover, this term seems almost insensitive to the distance parameter variations, as noticed for the droplet temperature evolution. A noticeable decrease of the evaporation flux in time can be observed, probably due to the saturation by vapor of the droplet surface. The strong influence of the distance parameter on this flux may be pointed out for the smallest distance parameters (coarsely less than 8), but this effect tends to vanish for higher distance parameters, which has been already mentioned in several works ( [23] , [24] and [6] ). In parallel, the convective heat flux exchanged with the gaseous phase decreases as the droplet temperature increases and becomes equal to the evaporation flux in the equilibrium phase. The distance parameter dependence observed for the vaporization flux has the same consequence on the convective heat flux. The majority of the heat transferred from the hot gaseous environment contributes to the vaporization since the heat flux Q L is always significantly smaller than the vaporization flux U vap .
Introducing the uncertainties on the measurements of the droplet mean temperature, diameter and velocity allows evaluating the global uncertainties on the different fluxes. The uncertainties are represented in Fig. 11 only for the case C = 7.7, but are representative of the other cases.
Nusselt and Sherwood numbers
With the help of the experimental determination of the mass flowrate _ m, the Sherwood number can be determined according to Eq. (13). The fuel mass fraction at the droplet surface Y K,S is directly related to the droplet surface temperature, by assuming the fuel liquid-vapor equilibrium at the droplet surface:
where P S (T S ) is the vapor saturating pressure at the droplet surface temperature T S . The droplet surface temperature T S corresponds to the measured temperature if the droplet is at equilibrium. In the heating phase, it will be assumed that the surface has already reached the equilibrium temperature. All the physical properties of the gaseous phase are updated and calculated at each time step at the reference state defined by the ''1/3'' law [25] applied to the fuel mass fraction and to the gas phase temperature:
The problem is to select properly the ambient temperature T amb and the surface temperature T S . The same problem is also present in the calculation of the Nusselt number, which is evaluated from the experimental convective heat flux, the surface temperature and also the ambient temperature according to the expressions 6 and 7. The ambient temperature is not clearly defined in combustion and is likely to vary during the transit of the droplets in the flame, as well as the surface temperature. The surface temperature is approximated by the equilibrium temperature which can be easily tracked on the experimental profiles. Practically, it means that the surface is expected to attain the equilibrium temperature very quickly after ignition. The ambient temperature can be also estimated from the equilibrium temperature. For combustion conditions of ethanol, the Lewis number of the ethanol vapor in air is very close to 1. Consequently, the heat and mass transfer processes present similarities. The droplet surface constitutes a source of vapor and a sink of heat, whereas the flame front is a sink of fuel vapor and a source of heat. For these reasons, the Nusselt and Sherwood numbers are expected to be equal and are supposed to be modified identically by the effects of the interactions. This assumption appears reasonable since no influence of the distance parameter is observed on the heating profile of the droplets (Fig. 9) . The non-dimensional energy budget (Eq. (15)) can be rewritten as a simple equality between the Spalding numbers B M and B T :
According to the expressions 10 and 14, the Spalding numbers depend only on the ambient temperature and on the droplet surface temperature at the equilibrium. The Eq. (22) allows calculation of the ambient temperature, if the equilibrium droplet temperature is known. According to Godsave [26] and Spalding [27] , the ambient mass fraction Y K,amb involved in the expression 14, is defined in combustion by:
where Y Ox,1 is the oxidizer mass fraction far from the flame front and m is a stoichiometric coefficient. 1 The solutions of Eq. (22), expressing the ambient temperature as a function of the equilibrium droplet temperature, are represented in Fig. 12 . The measured equilibrium temperatures range between 57°C and 62°C, which correspond to ambient temperatures ranging between 800°C and 1100°C in combustion. Thus, for each investigated case, different ambient temperature are applied, according to the measured equilibrium temperature reported in Table 1 .
Influence of the interactions
The quantification of the interaction phenomena remains difficult, since the Nusselt and Sherwood numbers depend also on the droplet Reynolds, Prandtl and Schmidt numbers additionally to the Spadling number. In a quasi-steady approach of the evaporation and according to the thin film theory [2] , the expressions of the Nusselt and Sherwood numbers for an isolated evaporating moving droplet are:
where k = 0.6 is chosen according to the Ranz-Marshall correlation [28] . [2] which should be applied to the thin film surrounding the moving droplet in order to take into account evaporation, since the fuel vapor flow tends to modify the convective transport around the droplet:
The ratio between the experimental Nusselt number Nu and the Nusselt number of the isolated droplet Nu iso as well as the ratio between Sh and Sh iso , should be representative of the interactions effects. The ratios Nu/Nu iso and Sh/Sh iso are plotted in Figs. 13 and 14 respectively as a function of the distance parameter for about 15 injection conditions summarized in Table 1 .
Each segment corresponds to the complete exploration in time of one jet. The exploration is stopped either at the top of the flame or when the random motions of the droplets make the measurement impossible. A significant variation of the Nusselt number can be observed during the heating phase. In particular, the ratio Nu/Nu iso decreases during the heating phase of the droplets because the ambient temperature implemented in the calculation of the Nusselt number is underestimated. The gas phase temperature in the vicinity of the droplets is likely to decrease as a function of time due to the flame broadening, but in the present case the ambient temperature is calculated only once from the droplet equilibrium temperature. As a consequence, the end value of the ratio Nu/Nu iso is more representative for the comparison to the case of the isolated droplet. A similar kind of observation can be made for the Sherwood number, since the surface temperature is also varying during the droplet lifetime in the flame. T amb (˚C) Fig. 12 . Relationship between the ambient temperature and the droplet equilibrium temperature for combusting droplets of ethanol.
In the light of Figs. 13 and 14, it is clear that the evolution of the normalized Nusselt and Sherwood numbers are quite similar. Beyond a distance parameter of C = 9, the Nusselt and Sherwood numbers remain quite insensitive to the interaction effects. The Nusselt and Sherwood numbers should tend to that of the isolated Fig. 13 . Evolution of the ratio Sh/Sh iso as a function of the distance parameter. Table 1 Aerothermal parameters of the monodisperse droplet streams in combustion (all the parameters are given just after ignition except the Nusselt and Sherwood numbers, which are given in the equilibrium phase) For distance parameters lower than 9, the normalized Nusselt and Sherwood numbers characterize the global effect of the droplet to droplet interactions on heat and mass transfer. A clear decrease of these numbers with the distance parameter can be observed. Thus for C = 4, heat and mass transfer between one droplet and its gaseous environment is reduced by a factor 2, and this reduction may attain about 70 % when C = 3, although it is difficult to extrapolate for the case of the very low distance parameters, since very few experimental data are available in this region. Therefore, it is proposed to adopt a formulation of the interaction phenomena in the following way:
In principle, the limit of g(C) should be 1 for the highest distance parameters. As already commented, the experimental results show that g(C) approaches a bit more than 1. However, a fit of g (C) has been proposed, by replacing the theoretical calculation of the Sherwood (or Nusselt) number by the experimental value for the highest tested distance parameter. The possible expression of the function g(C) is given by: gðCÞ ¼ tanhð0.36C À 0.82Þ ð 28Þ
The fitted expression of g(C) (Eq. (28)) has been also reported in Figs. 13 and 14 , taking into account the difference between the theoretical calculation of the isolated Sherwood (or Nusselt) number and the experimental data, for the highest tested distance parameter.
The interaction effects are also likely to depend on the flow regime i.e. the Reynolds number. Nevertheless, the explored range of Reynolds numbers is too limited and therefore, in the present study, no noticeable effects on the interaction phenomena could be highlighted.
Concluding remarks
The combination of two optical techniques (two-colors LIF and PDA) allowed simultaneous measurement of the size, temperature and velocity of linearly streaming and combusting droplets.
The temperature measurements showed the existence of two phases: a transient phase of heating of the droplets followed by an equilibrium phase during which the droplets evaporate at constant temperature. Simultaneous measurements of the droplet size and mean temperature evolution allowed evaluation of the temporal behaviour of the evaporation flux and of the droplet enthalpy. The convective heat flux exchanged between the droplet and its gaseous environment is then inferred from the overall energy budget of the combusting droplet. In order to describe the aerothermal phenomena and to calculate the dimensionless Nusselt and Sherwood numbers, the knowledge of the ambient temperature, characterizing the thermal exchange with the gaseous phase, and the droplet surface temperature are necessary. Assuming that the droplet surface reaches quickly the thermal equilibrium in the hot environment of the flame, the droplet surface temperature may be comparable to the droplet equilibrium temperature easily monitored on the experimental temperature profiles. The ambient temperature corresponds to the ambient temperature that can be predicted at the thermal equilibrium by making the assumption that the Nusselt and Sherwood numbers are of comparable values.
The influence of the interaction effects on the Nusselt and Sherwood numbers was clearly quantified for distance parameters ranging between 3 and 18. For a distance parameter lower than about 9, the reduction of the Nusselt and Sherwood numbers is significant. Beyond C = 9, the interaction effects are almost nonexistent and the Nusselt and Sherwood numbers become then comparable with the prediction of the quasi-steady model of the isolated moving combusting droplet.
As some assumptions have been made about the evolution of the droplet surface and the gas phase temperatures, it is clear that additional data about the gas phase could be helpful. In further works, it is planned to investigate the distribution of the temperature in the gaseous phase using CARS thermometry and the fuel vapor concentration in the droplet vicinity using laser-induced fluorescence, in order to assess the ensemble of hypotheses made about the gas phase.
